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Abstract 
Membranes can be found in many biological systems and the transport and diffusion of inclusions, 
especially nanoparticles, in such membranes is important in understanding many biological processes. 
Additionally, the unique two-dimensional (2-D) nature of membranes makes them an ideal system in which 
to probe the limits of 2-D hydrodynamics. We observe directly the diffusion and aggregation of 
nanoparticles (buckyballs) embedded in thin, freely-suspended smectic A films of 8CB liquid crystal using 
reflected light microscopy in order to better understand the hydrodynamics of inclusions in finite, two-
dimensional fluids. The growth of buckyball aggregates has been measured using time-lapse video, and is 
seen to have an effective radius that increases linearly with time. Large buckyball fractals form in the final 
stage of the aggregation process. The measured fractal dimension of these objects suggests that the 
aggregation is a diffusion-limited process and yields an approach to characterizing the stickiness of different 
particles by their final fractal dimension. Measurements of the diffusion of buckyball aggregates at varying 
stages in the aggregation process yield mobilities that deviate significantly from theoretical predictions for 
single inclusions. Similar behavior is observed in several high density systems, which suggests that the 
higher inclusion mobilities may be a result of crowding. 
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1. Introduction 
Overview 
 In this thesis, I will present about a number of subtopics related to particle diffusion in liquid crystal 
films. I will give background information about existing work that has been done in the field. Then I will 
give an introduction to a number of topics that are necessary for understanding my research, including 
liquid crystals, hydrodynamics, aggregation, and atomic force microscopy. I then discuss how to prepare 
samples for the experiment and other details necessary for understanding the setup I used. The bulk of my 
research will then follow. The first portions describe the diffusion and aggregation of buckyball 
nanoclusters in smectic films. Then, I briefly present results from fluorescent cage molecule clusters and a 
pair of interesting cases where islands are placed into a film with a high density of either buckyball clusters 
or other islands. Finally, I discuss the results of these experiments and suggest some directions for future 
research. The portion of my research focusing on the aggregation of buckyball nano-clusters is set to be 
published in the journal Molecular Crystals and Liquid Crystals in May, 2015. 
Background 
Biological membranes are commonly found in nature and are focal points in advancing our 
understanding of biology and modern medicine. The finite number of layers found in membranes allow for 
the transport of objects through the membrane. Systems such as these behave strangely due to their quasi 
two-dimensional nature in which the membrane still interacts with a surrounding fluid, which causes the 
momentum of the system to dissipate much quicker than in a 3-D fluid. Because of these unique properties, 
our knowledge of related biological mechanisms is partially limited by our understanding of the relevant 
microrheology. Advances in similar, non-biological, systems will allow for a better comprehension of what 
is happening in the biological membranes. To this end, we look to smectic liquid crystal (LC) systems to 
further our knowledge of microrheology in 2-D. Over the past few years, the study of micron-size 
inclusions, known as islands, in thin, freely-suspended smectic A films of 8CB liquid crystal has led to a 
better understanding of hydrodynamics in finite two-dimensional fluids. The Saffman-Delbrück (SD) 
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model has been used successfully to describe these systems, but I have now tested the limits of this model 
by measuring the diffusion coefficient of nanoparticles and their aggregates in LC films. Additionally, my 
research has shown that nanoparticle aggregates eventually form fractal patterns as a direct result of cluster-
cluster aggregation. I have sought to understand the complex behavior of aggregation that leads to the large 
fractals that I have previously observed and predict the growth rate of such aggregates.  
The goal of my research is to observe the aggregation of nanoparticles in thin films and to measure 
their diffusion and size at different times using reflected light microscopy. This allows us to test the SD 
model and better understand the behavior of particles in these systems. In our experiments, buckyball 
clusters are observed at very early times, when they are small and barely resolvable, to have diffusion rates 
much faster than predicted by SD theory. This suggests that SD theory breaks down in the limit of 
nanometer-scale inclusions, either because molecular diffusion processes become dominant or the 
interactions between individual clusters are not negligible. The nanoscale clusters eventually coalesce to 
form extended, micron-length fractals which diffuse in the film. The rotational and translational mobilities 
of these worm-like aggregates have been measured and compared with theoretical models and simulations. 
These objects in turn aggregate to form large fractal clusters. The growth of these clusters has been 
measured using time-lapse video, and is seen to have an effective radius that increases linearly with time. 
After several days, millimeter-size fractals are seen extending across the entire film. The measured fractal 
dimension of these objects confirms that the aggregation is a diffusion-limited process. 
 
Liquid Crystals 
Liquid crystals have often been called a colorful state of matter because of their ability to easily 
rearrange their molecules under applied fields or other aligning forces, which causes them to exhibit many 
beautiful colors. The main feature of liquid crystals that makes them so unique is their orientational order, 
which allows them to be organized into phases. Phase transitions occur when a liquid crystal changes its 
phase as it becomes more or less ordered because of a change in internal or external conditions. These 
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transitions can be dependent on a number of variables, such as concentration (lyotropic liquid crystals) or 
temperature (thermotropic liquid crystals), but in this case, only thermotropic liquid crystals are used. 
Numerous different phases of these materials have been discovered each having its own characteristics. 
Two common phases, the smectic and nematic phases, demonstrate the versatility of liquid crystals. 
Nematic liquid crystals have directional order, that is, the molecules tend to all point in the same direction. 
This is a less ordered state than the smectic phase. Liquid crystals in the smectic phase are organized in 
layers, having uniform directional and positional order. In particular, smectic A materials have their 
director, a representation of the preferred orientation direction of the molecules, parallel to the layer normal 
(perpendicular to the layer plane). Another common type of smectic, smectic C, has its director tilted with 
respect to the layer normal. Each smectic material has a characteristic layer spacing, which is the distance 
between stacked layers of the material. The property that makes these types of liquid crystals useful for 
studying hydrodynamics is that both smectic A and smectic C have fluid layers, which means that they still 
act like a fluid, an essential ingredient in studying fluid flow and diffusion. 
Liquid crystals, well known for their electrooptic properties and widespread application in displays, 
exhibit phases with varying degrees of orientational and positional order, making them attractive tools for 
controlling self-assembly at the nanoscale1,2. In addition, the promise of using freely-suspended films as a 
platform for modeling biological membranes provides a unique motivation for studying hydrodynamics in 
these essentially two-dimensional fluids3-6. The ability of smectic A liquid crystals to form inherently stable, 
thin membranes with quantized thickness has led to several experimental studies of the diffusion of 
inclusions in films. Experimental measurements of tracer diffusion in thin freely-suspended films have 
 
Figure 1. Smectic phases (a) In smectic A materials, the molecules form layers with the liquid crystal 
director in the direction of the layer normal. (b) In smectic C materials, the director is tilted with 
respect to the layer normal. 
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shown that the diffusion coefficient depends on the number of layers and on air coupling7. A theoretical 
model proposed by Saffman and Delbrück8,9 and later extended by Hughes, Pailthorpe, and White10 
describes the Brownian diffusion of inclusions in thin membranes embedded in another medium, such as 
air. Recent experiments have verified these model predictions for the hydrodynamic behavior of micron-
size inclusions in fluid smectic films for both isolated inclusions and for pairs of inclusions3-6. There have 
been several reports on the self-organization of micron-size droplets and islands11-13 but there are few 
studies of the diffusion and aggregation of nanoparticles in these systems. In this thesis, I look to understand 
the way that inclusions, especially nanoparticles and their aggregates, behave in freely-suspended smectic 
films. 
 
Freely-Suspended Films 
One of the most interesting properties of smectic liquid crystals is their ability to form thin, freely-
suspended films. Freely-suspended films are formed from material that is drawn across an opening, such as 
a hole in a piece of glass. These films have a quantized number of layers and can be as thin as two molecular 
layers. This makes them ideal for studies in pseudo two-dimensional (2-D) fluid dynamics. Although these 
are not true 2-D fluids due to the interactions with the air, freely-suspended films allow us to understand 
the effects of fluid flow in fewer than three dimensions (3-D) and exhibit different behavior from 3-D 
 
Figure 2. A depiction of how films are made. Films are 
formed by moving a spreader with the liquid crystal 
material on it across an opening in a piece of glass or 
metal called the filmholder. This creates a freely-
suspended film that can be as thin as a couple of layers. 
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systems. Freely-suspended films are inherently stable, although air flow or other disturbances can cause 
them to break.  
The edge of the film is a thick region known as the 
meniscus. The meniscus can be easily found because of its 
distinctive interference fringes, which occur from reflective 
interference near the surface of the film. Because the main 
portion of the film is so thin and has such a low reflectivity, 
most of the film is dark (reflectivity is 1% or lower) when the 
film thickness is less than 10 layers. Additionally, inclusions 
in the film known as islands often form when the film is 
disturbed. These are regions with more layers that form flat 
cylinders due to surface tension effects and diffuse in the film.  
 
Diffusion Processes 
The diffusion of particles in fluids has been studied extensively over the last 100 years, mostly in 
3-D. The well-known Stokes-Einstein model describes the diffusion of a spherical objects in a uniform 3-
D fluid and predicts that the mobility (𝜇 =
𝐷
𝑘𝐵𝑇
) of an object is inversely proportional to its radius. This 
model accurately describes many systems in 3-D. Of interest here are the models describing pseudo two-
dimensional fluids commonly known as membranes or films. These systems are interesting 
hydrodynamically because they conform to the 3-D behavior for large objects, but small objects show 
significant deviations from the 3-D behavior. In 1975, Saffman and Delbrück (SD) developed a now classic 
model for this special 2-D system that incorporated the unique geometry of the membrane. 
𝜇 =
1
4𝜋𝜂ℎ
[ln (
2𝑙𝑠
𝑎
) − 𝛾] 
They treated the object or inclusion as a cylinder of radius 𝑎 embedded in a membrane with viscosity 𝜂 and 
 
Figure 3. A colorful film with a number 
of islands. The meniscus (red arrow) of 
the film, a thicker region on the 
boundary between the film and the 
filmholder, can be seen on the left. 
(1) 
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thickness ℎ. They also defined a new length scale over which the momentum of an object is dissipated by 
the surrounding fluid, which is known as the Saffman length 𝑙𝑠 = 𝜂ℎ/2𝜂′. The theoretical model suggests 
that objects with radii much larger than the Saffman length (𝑎 ≫ 𝑙𝑠) diffuse with behavior similar to the 3-
D model. For objects much smaller than the Saffman length (𝑎 ≪ 𝑙𝑠), the SD model predicts a logarithmic 
dependence of the diffusion on the inclusion radius. Thus, small inclusions in membranes diffuse slower 
than their 3-D counterparts. Experiments performed in this region have proven the accuracy of the SD 
model for small sizes. However, the SD model did not make any attempt to describe the crossover regime, 
where the radius of the inclusion is close to the Saffman length (𝑎 ≈ 𝑙𝑠). Better approximations developed 
by Hughes, Pailthorpe, and White (HPW)10 and Petrov and Schwille (PS)14 extended the Saffman model 
into the crossover region and beyond into what is commonly referred to as the “3-D regime”. 
𝜇 =
1
4𝜋𝜂ℎ
[ln (
2
𝜀) − 𝛾 +
4𝜀
𝜋 −
𝜀2
2 ln (
2
𝜀)]
[1 − (
𝜀3
𝜋 ) ln (
2
𝜀) +
𝑐1𝜀𝑏1
1 + 𝑐2𝜀𝑏2
]
 
Recent experiments on islands, thicker regions in liquid crystal films created when a directed force (such 
as from an air jet) is applied to the film, demonstrate that the SD-HPW-PS model accurately predicts the 
crossover behavior of such inclusions. With the completion of the extended SD model, research turned to 
focus on properties of the diffusion that may not be as well described by the model. Non-cylindrical 
inclusions have been studied as a means to understand deviations from the SD model and to measure the 
rotational diffusion of 2-D inclusions. For non-cylindrical inclusions, the SD model is inadequate for 
calculating diffusion. Levine and Mackintosh15 developed a computational approach to determine the 
diffusion coefficients of inclusions that does not rely on symmetry. By discretizing the objects into small 
segments (Levineslets), they could calculate the diffusion of inclusions with irregular shapes using a set of 
response functions. This approach is known at the method of sections. Several experiments have been 
performed on irregularly shaped inclusions16-21 and have either verified the HPW predictions or developed 
further theoretical models. As nanoscale imaging has improved over the last decade, a number of groups 
have instead focused on the diffusion of sub-diffraction limit inclusions in order to study the molecular 
(2) 
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dynamics involved with diffusion at the nanoscale22,23. They report varying results and no widely-
recognized theoretical model has yet been developed for this regime. 
Fractals and Aggregation 
The idea of the fractal dimension24, a way to characterize self-similar objects, was first formulated 
by B.B. Mandelbrot in 1967. His inspiration was trying to measure the coastline of Britain. He found that 
the total length of some objects (known as fractals) depends on what size measuring stick a person uses. As 
a person uses shorter and shorter measuring sticks, the measured length gets larger and larger and does not 
converge to a finite length. In effect, the coastline has infinite length. Mandelbrot looked for a better way 
of characterizing the length. The idea of a fractal dimension was born which is an effective dimension that 
can be calculated by using different size sticks to measure the sample length and calculating the ratio 
between measured lengths.  
The aggregation of microscopic materials from atoms to microspheres into fractal patterns has been 
extensively studied in the decades since Mandelbrot first formalized his idea of the fractal dimension24 and 
proposed using this measure as a way to understand how fractal clusters are formed. Models predict that 
 
Figure 4. An example of the self-similarity of an object25. The Koch snowflake can 
be seen to have different perimeters depending on the length of the measuring stick 
used. The shorter the measuring stick, the larger the measured perimeter.  
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diffusion-limited aggregation (DLA) and reaction-limited aggregation (RLA) in three dimensions (3D) 
yield objects with fractal dimensions of 1.8 and 2.1, respectively26-28. Experiments on the aggregation of 
aqueous gold colloids29 and C60 fullerene30 in 3-D yield fractal dimensions of 1.75 and 1.8, corresponding 
to DLA. Measurements of the growth rate of the radius and fractal dimension of buckyball clusters in 
several solvents have also been performed31.  Models of aggregation in 2-D suggest that fractal structures 
form in direct response to the sticking probability of the particles32-36, with a high sticking probability 
leading to DLA37,38 and a fractal dimension of around 1.5, and a low sticking probability to RLA and a 
fractal dimension of around 1.8. Few measurements have, however, been performed in 2-D. DLA has been 
observed in systems of polystyrene latex particles confined to two dimensions at an air-water interface39,40, 
where structures with a fractal dimension of 1.43 and 1.48 form, in agreement with simulations. A simple 
displacement reaction of copper sulfate and aluminum in a cell41 yields fractal aggregates with fractal 
dimension 1.66. Methyl Red, a dye molecule that is weakly soluble in liquid crystal, was observed to 
precipitate out of a thin film over the course of several hours42, forming aggregates with a fractal dimension 
of 1.61. 
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Freely-suspended films offer an opportunity to study aggregation in a 2-D system and the unique 
nature of liquid crystals almost guarantees that new and interesting phenomena will be discovered in the 
process.  
 
 
 
Figure 5. A visualization of the difference between Diffusion-Limited Cluster-Cluster 
Aggregation (DLCA) and Reaction-Limited Cluster-Cluster Aggregation (RLCA)43. 
Aggregates formed by DLCA have a lower fractal dimension and are generally less 
clumped than those formed by RLCA. DLCA occurs in systems where the sticking 
probability of particles to each other is high, whereas RLCA occurs in systems with 
lower sticking probabilities. 
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Fluorescence Microscopy 
 Fluorescence microscopy is commonly used to observe biological systems at the micron scale, but 
recent improvements in optical filters, illumination sources such as LEDs and lasers, and the development 
of Electron Multiplying Charge Coupled Device (EMCCD) Cameras that can be cooled down to -100°C 
have allowed researchers to reach single photon sensitivity, an important ingredient in observing single 
molecule fluorescence. One commonly used setup for visualizing 3-D samples is known as a Total Internal 
Reflection Fluorescence Microscope (TIRF). TIRF microscopes are capable of imaging diffusion in bulk 
fluids near an interface at the molecular level. Other super-resolution microscopy methods such as 
Stochastic Optical Reconstruction Microscopy (STORM) can image 2-D objects at the nano-scale. 
 
Figure 6. Band gap diagram depicting the fluorescence of a 
material44. When a fluorescent material absorbs light of a high 
enough energy, an electron is excited to one of the upper band 
excited states. It can then transition to the lowest upper band state 
before decaying into the lower band and emitting a photon of 
lower energy than the initial energy. 
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 Molecules fluoresce when they absorb a photon of an energy larger than the band gap energy of 
the sample which then excites an electron to one of the upper excited states. The electron then transitions 
to lower excited states before finally decaying to the ground state. In this final decay, a photon is emitted 
with lower energy than the original absorbed photon. Thus, the basic principle of fluorescence microscopy 
is to use optical filters to separate the absorption light from the emission light. This generally requires at 
least three different filters. The excitation filter cleans up the excitation light so that it contains only the 
proper absorption wavelength, the dichroic mirror directs the excitation and emission light toward the right 
paths, and the emission filter blocks the excitation light from hitting the detector so that only the 
fluorescence is imaged. 
 
Atomic Force Microscopy 
 The Atomic Force Microscope (AFM) is often used to image samples on substrates at the 
nanoscale, especially those samples that do not have the necessary conductivity requirements for electron 
microscopy. For an AFM, the hardness of the sample is the most important property for getting good 
 
Figure 7. A depiction of a fluorescence microscope 
system45. The light source is filtered down to a narrow set 
of wavelengths which then reflect from the sample along 
with the fluorescence emission. This light is then filtered 
again in order to allow only the emission light from the 
fluorescence to hit the detector. 
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contrast. The AFM works by poking the sample with a thin tip and measuring the displacement of the tip 
and thus the surface height from the deflection of the cantilever on which the tip is set. This gives an image 
of the surface that is capable of nanoscale resolution. Unfortunately, the process of tapping can deform and 
even damage soft or sensitive surfaces, thus ruining the sample. This happens in the case of smectic liquid 
crystals. The tapping process deforms the layers and effectively removes the liquid crystal. In the case of 
this project, the removal of the liquid crystal is a good thing because it exposes the buckyball clusters mixed 
in with the liquid crystal for better imaging.  
 
 
 
Figure 8. A diagram of an AFM system46. A tip is moved 
along the surface of the sample and a laser measures the 
deflection of the cantilever at each point along the 
surface. 
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Figure 9. AFM images of a C60/8CB film on a substrate. Numerous buckyball 
clusters can be seen in the film in both images. The boxed region of the left 
image shows the damage that the AFM probing did to the film while taking 
the right image. 
18 
 
2. Experimental Methods 
Buckyballs (C60 Fullerene, Sigma-Aldrich) are mixed with 8CB liquid crystal (4-n-octyl-4'-
cyanobiphenyl, Sigma-Aldrich), a room temperature Smectic A material, at a concentration of 0.5% by 
weight47,48. Toluene is then added as a solvent in order to disperse the particles49. After a few minutes of 
sonication, the toluene is evaporated quickly using a rotary evaporator and left to sit overnight until any 
remaining toluene has been removed. Films made with this fresh mixture are typically unstable, presumably 
because the concentration of buckyballs is so high that it disturbs the layer structure of the film. Thin films 
can be drawn successfully, however, if the sample is left to sit and re-aggregate for a further two days before 
use. The evaporation method is quick and efficient, but an unresolved issue where the sample regularly 
becomes contaminated during the evaporation process has inhibited sample preparation for months at a 
time. An interesting effect that has been observed is the color transition in the sample from pink to brown 
after evaporation, which is seemingly normal with buckyball solutions. Upon contamination, however, the 
sample often turns a mucky brown as well, so it is difficult to determine when a sample has been 
contaminated. The best way to tell has been to wait a few days and if the sample still does not make films 
 
Figure 11. Chemical structures of several key compounds. (Left) The chemical structure of the 
cage molecule used in the fluorescence experiments. (Center) The chemical structure50 of C60 
Fullerene. (Right) The chemical structure51 of 8CB liquid crystal. 8CB has a layer spacing of 
3.17 nm. 
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at all or the thick films that can be drawn look weird under the microscope, the sample is most likely 
contaminated. Otherwise, waiting a few days usually fixes the problem for a clean sample as mentioned 
above. An alternative approach to this evaporative dispersion is to use extensive sonication to break apart 
the clusters. This approach takes up to a month of constant sonication and many problems, such as the water 
temperature rising above the isotropic transition and splashing caused by water level variations, can cause 
the sample to either aggregate back to its original state or become contaminated during that time interval. 
For this reason, the evaporation method is the preferred method of dispersion. It should be noted that for 
either approach, concentration does matter, which will be discussed briefly in the context of films below.  
The films are created by spreading the material across a 5-mm diameter circular hole in a glass 
cover slip. The filmholder is kept in a closed chamber in order to limit the effects of air currents and is 
leveled in order to minimize gravitational drift. The thickness of the film is determined by measuring the 
relative brightness of the film as compared to a piece black glass. The films are viewed in a reflection 
microscope and the aggregates are recorded in grayscale using a high-speed video camera (GXlink GX-3 
MEMRECAM, NAC) and a low-speed camera (WAC-902H Ultimate, Watec) programmed to capture 
images over the long time intervals needed to observe the aggregation process. In order to achieve 
aggregation, the concentration of nanoparticles in the film has to be significant. Although one might assume 
that samples with higher bulk concentrations have higher concentrations of nanoparticles in the film, this 
is not entirely true. Significantly higher concentrations than 0.5% prevent the aggregate clusters from 
breaking apart, which keeps the clusters from drifting into the film. Presumably the thickness of the film is 
smaller than the size of the clusters, which means that the clusters are stuck at the edge of the film. 
Significantly lower concentrations have shown varied results, such as not forming stable thin films, forming 
20 
 
only isolated aggregates, or, as most often occurs, never forming aggregates because not enough 
nanoparticles make it into the film likely due to the low concentration.  
In an effort to characterize the detailed morphology of the nano-clusters and micron-sized fractals, 
freely-suspended films were also transferred onto nano-polished silicon substrates52 and probed using an 
AFM (NanoScope III Scanning Probe Microscope, Digital Instruments or EasyScan2 Atomic Force 
Microscope, Nanosurf). Similar measurements were attempted using an SEM (JSM-6480LV Scanning 
Electron Microscope, JEOL), but phase transitions in the liquid crystal caused by localized heating from 
the electron beam made such measurements impossible. Innovations may be necessary in order to 
accurately detail the nanoscale structure of the aggregates.  
 
 
In an effort to visualize nanoscale diffusion, fluorescence microscopy was performed on the films 
and on crystalline samples of various fluorophores such as oPDI for reference. The crystalline samples were 
made by depositing the pure fluorescent samples onto glass slides. To make the films, cage molecules (Cage 
Molecule -19, Zhang Group, University of Colorado) are mixed with 8CB liquid crystal at various 
concentrations. The crystalline references are made from pure sample scraped onto a glass slide. Images 
 
Figure 10. A depiction of how films are made. Films 
are formed by moving a spreader with the liquid crystal 
material on it across an opening in a piece of glass or 
metal called the filmholder. This creates a freely-
suspended film that can be as thin as a couple of layers. 
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are taken using air-cooled, high-sensitivity EMCCD cameras (iXon 888 Ultra, Andor; iXon 897, Andor; 
Cascade II 512b, Photometrics) under extreme low-light conditions. All of these cameras are known to be 
able to visualize single photon emissions. UV illumination is provided by an LED source (UV Collimated 
LED M385, Thorlabs; X-Cite XLED 1 UVX, Excelitas) and filtered for fluorescence in crystalline 
(Brightline 617/73 bandpass, Semrock; Techspec 482 dichroic, Edmund Optics; TechSpec 377 bandpass, 
Edmund Optics; Brightline 387/11 bandpass, Semrock) and in liquid crystal (Brightline 542/27 bandpass, 
Semrock; Brightline 409 dichroic, Semrock; TechSpec 377 bandpass, Edmund Optics; Brightline 387/11 
bandpass, Semrock). After numerous tests, it was found that the aggregates have a shifted emission 
spectrum when mixed into liquid crystal. However, even with the shifted spectrum, the films showed better 
emission if treated as crystalline for the purpose of filter sets. It is additionally possible, given the emission 
spectrum shift, that the excitation spectrum is shifted somewhat from its expected location. All of this 
remains a mystery at the present time. 
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3. The Aggregation of Buckyball Nanoclusters and the Formation of Fractal Patterns 
Early Stage Aggregation 
Immediately after the film is drawn, no buckyballs (also commonly referred to as C60 or fullerenes) 
can be seen on the film. This is presumably because any larger particles are too large to diffuse out onto the 
film and remain in the meniscus. Particles of the order of the thickness of the film, however, are present in 
the film, but as these are less than 50 nm in diameter, they cannot be visualized using reflection microscopy. 
Thus, the film is initially uniform in appearance and looks the same as a film with no particles. Then, after 
a time ranging from 30 minutes to 3 hours, diffusing particles begin to appear in the film. This time range 
is highly variable and is dependent on both the initial concentration and the level of dispersion that has 
actually been achieved. There may be other contributing factors as well – it is not clear. Some films with 
even lower concentrations, such as the fluorescence experiment described in detail later, have taken up to 
a full day to show signs of aggregation and then the aggregation never progresses further than the first stage 
of growth where only small, circular clusters are visible. Regardless, this first stage of aggregation is the 
least well understood because many of the objects that can be seen are smaller than the diffraction limit, so 
their sizes cannot be measured directly and their actual shape cannot be determined. However, some 
predictions about the shapes can be made given what is known about the system. The first possible shape 
is that of a fractal, which seems reasonable given the random collisions of the particles that occur. The 
second is a clump, which makes sense if the attractive intermolecular interactions begin to dominate at these 
small scales. It is possible that both of these conditions can occur with different materials, but the buckyballs 
that are used in this experiment tend to be “sticky” and so it is likely that clumps will result at small scales, 
but this has not yet been proven by experiment, although some AFM images of the buckyball aggregates 
suggest this might be the case (Figure 13).  
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Transition Stage Aggregation 
As time progresses, these clusters proceed to grow, presumably from collisions with smaller, sub-
resolution nanoclusters in a cluster-particle type aggregation process. Initially, this just means the slow 
growth of the visible clusters, but after several hours, small fractals form in the film in coexistence with the 
original compact clusters. During this “transition” stage of aggregation, buckyball clusters a few microns 
in diameter grow both from cluster-particle aggregation (as seen by the continuous appearance and growth 
of new, small nano-clusters in the film), and from collisions with other micron-size clusters in typical 
cluster-cluster aggregation. At this stage, we often observe the formation of long, worm-like chains (Figure 
13a), which eventually collide to form recognizably fractal aggregates (Figure 13b). AFM images were 
taken of such films transferred to a smooth substrate in order to resolve the clusters’ morphology. The AFM 
 
Figure 12. Buckyball clusters in a smectic A film of 8CB at early time. Compact nano-clusters around 
500 nm in diameter which are highly mobile and diffuse rapidly by Brownian motion are generally 
observed about an hour after the film is drawn. The scale bar is 50 microns. 
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images confirm that early stage clusters are generally compact (Figure 13c), whereas during the transition 
stage more extended, worm-like clusters are also observed (Figure 13d).  
 
 
To better understand the dynamics of cluster growth, we measured the effective cluster radius 
(corresponding to a circle with the same area as the cluster) as a function of time at intervals of one minute, 
averaging over all of the objects in the limited field of view of the 20X microscope objective to obtain a 
mean radius. The distribution of clusters in the film at this stage was non-uniform but slow convection 
caused by heat from the microscope illumination allowed us to sample over a more representative 
 
Figure 13. Morphology of buckyball clusters. (a) Initially compact clusters begin to collide, creating 
long, worm-like chains of buckyballs, which continue to diffuse in the film. The bright meniscus of the 
film can be seen in the lower left of the image. The field of view is indicated by a dashed circle. (b) 
Larger fractal clusters form following collisions of the buckyball chains. The scale bars are 50 
microns. (c) AFM image of sub-optical resolution buckyball clusters on a silicon substrate an hour 
after the film was made. (d) AFM image of late-stage aggregation, showing a micron-size chain and 
many smaller clusters. The AFM images are 5 microns wide. The height scale of 50 nm is shown at 
right. 
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distribution of objects. The period of this convection (after which the original set of objects reappeared in 
the field of view) was around 55 minutes, allowing us to average the measurements of the radius over the 
many different ensembles seen during this period. This mean radius of the clusters increases approximately 
linearly in time, as shown in Figure 14, at a rate of 6.1 ± 0.1 Å per minute. 
 
Late Stage Aggregation 
Many days after the film is drawn, the structure is dominated by fractals with few if any smaller 
clusters remaining in the film. Any remaining visible clusters continue to aggregate until no more remain, 
by which time the reservoir of buckyballs dispersed in the liquid has presumably been exhausted. In films 
that have been carefully leveled, we finally observe stable fractal aggregates tens of microns in diameter 
that are kept from each other by repulsive hydrodynamic interactions (Figure 15a). In films with even the 
slightest tilt, a “supercluster”, typically more than a millimeter across, forms at the meniscus on the lower 
edge of the film, as seen in Figures 15b-d. 
 
Figure 14. Buckyball cluster growth in the transition regime. The film was imaged once a minute and 
the “instantaneous” mean cluster radius was computed. To account for the non-uniform distribution 
of clusters in the film, the cluster radius was also averaged over sets of 55 frames, an integration time 
corresponding to the period of the slow convection in the film. 
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We measured the fractal dimension of the late stage aggregates using the box-counting method 
implemented in FracLac software53, obtaining a mean value of 1.56 ± 0.08. This is consistent with the value 
predicted for diffusion-limited aggregation in 2-D, indicating that the sticking probability in this system is 
relatively high.  
Conclusion 
Using smectic membranes to observe the aggregation of nanoparticles allows us to characterize 
diffusion and aggregation in a two-dimensional fluid. Analysis of the aggregation of clusters during the 
 
Figure 15. Large fractal clusters in the final stages of buckyball aggregation. (a) Large fractals 
continue to diffuse in the film, but repulsive interactions keep them from colliding with each other. After 
several more days, no further buckyball clusters form, which indicates that the aggregation of the 
fractal clusters comes to an end.  (b-d) Large, millimeter-scale fractals near the edge of a slightly-tilted 
film. The fractal dimension varies slightly across the film, with areas near the meniscus having the 
largest values, but the measurements are all consistent with a diffusion-limited aggregation process. 
The field of view is indicated by a dashed circle. The bright meniscus of the film can be seen in the 
lower portion of (c). The scale bars correspond to 50 microns. 
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transition from small nano-clusters to larger micron-size fractals shows that the radial growth rate of the 
clusters is approximately constant over time. Cluster-particle aggregation at early times leads to the 
formation of compact clusters, while cluster-cluster aggregation at later times leads to the growth of fractal 
assemblies. The fractal dimension of these structures indicates that the aggregation of buckyballs in thin 
smectic membranes is 2-D diffusion-limited. 
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4. The Translational and Rotational Diffusion of C60 Nano-clusters in Smectic Films 
Translational Diffusion 
 To understand the hydrodynamics of nanoclusters embedded in the LC film, we need to measure 
both the size and diffusion of the particles and develop a model that describes the relationship between 
them. First, we look at the translational diffusion of the nanoclusters. Measurements were taken at several 
different times during the aggregation process using reflection microscopy. The first set was taken starting 
shortly after the clusters were first seen up to about 5 hours later. These clusters were tracked using the 
Weeks-Grier algorithm54 and analyzed to get the diffusion coefficients. The second data set was obtained 
after the clusters had begun to collide, creating worm-like fractals. These were analyzed using a pattern-
 
Figure 16. Nanocluster trajectory. The trajectory of this nanocluster demonstrates that type of motion 
observed with the nanoclusters is clearly diffusive in nature. The lack of a net motion also indicates 
that for this case the flow field in the film was relatively unperturbed. 
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recognition algorithm (Appendix C) and the diffusion coefficients were found as before. The drift was 
separated from the diffusion in both data sets by calculating the diffusion coefficient as the change in 
variance of position with time3. The drift can then be found by calculating the mean change in position with 
time. The measured diffusion coefficients are significantly larger than predicted by the SD-HPW model by 
approximately a factor of 4 for the smaller clusters and a factor of 2 for the larger worms. Several 
explanations for this result have been proposed and a new theoretical model will need to be developed to 
explain these findings. One possible explanation is that the high density of clusters means that the particles 
are not isolated and cannot be well-treated by the SD-HPW model, which assumes an isolated cylindrical 
inclusion. Another possibility is that there is a coupling between translational and rotational diffusion that 
leads to an effective increase in translational mobility. Additionally, it is possible that there is a local 
 
Figure 17. Translational diffusion of buckyball clusters. The reduced mobility of the buckyball clusters 
is seen to have a similar functional form to the SD-HPW model predictions, but the mobilities of the 
clusters are much larger than the predictions. At larger radii, the worm-like and fractal clusters seem 
to converge toward the 3D behavior. 
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temperature increase due to the aggregation process itself which results in a lower membrane viscosity near 
the clusters, thereby increasing the mobilities. This will be discussed in more detail later on. 
 Measurements are also performed on fractal clusters that are similar in size to the worm-like 
clusters that were analyzed. The major difference is that these clusters have a 
significantly higher fractal dimension and cannot be characterized as worm-
like. These clusters have a true fractal nature, so a question arises about 
whether an effective radius can be calculated for an object that is not 
circular55-59. Several different radii have been proposed for use (Figure 18): 
the average radius, the circle-based radius, the radius of gyration, and the hydrodynamic radius. The average 
radius approach simply looks for the average distance between pixels and the center of mass and calls that 
the radius. The circle-based radius involves adding up all of the pixels, treating them as a circle of that area, 
then finding the radius. Another approach is to calculate the radius of gyration, which also takes into account 
the distance between each pixel and the center of mass. The final approach is to compute an effective 
hydrodynamic radius using the LM method to calculate the mobility and then backtrack to the radius that 
 
Figure 19. Radii calculations for a fractal object. The blue 
circle is the hydrodynamic radius. The magenta circle is the 
average distance. The green circle is the radius of gyration. 
The red circle is the circle-based radius. The hydrodynamic 
radius can be seen to be the smallest of the calculated radii. 
 
Figure 18. Buckyball 
fractal cluster.  
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corresponds to the measured mobility. This approach is the one used for this analysis, because it makes the 
most sense in comparing experimental results to theory. 
 Using the hydrodynamics radius for comparison, the translational diffusion of the fractal objects is 
measured and found to be larger than the predictions of the SD-HPW and LM calculations as was the case 
for the worm-like clusters. This is consistent with all of the experiments performed with buckyballs and 
implies that maybe the high density argument is not entirely correct, because by this stage of aggregation, 
there remained few if any of the smaller clusters left to interact. However, an interesting point to make is 
that the diffusivities of the fractal clusters seemingly begin to converge to the LM predictions at large sizes. 
This would imply that maybe the aggregation process is still causing interactions between the clusters at 
this stage. Further experiments can be performed to determine whether this is indeed the case. 
 
 
 
Figure 20. The diffusivity of fractal clusters. The diffusion coefficient 
of fractal clusters is seen to be larger than the LM curve (shown in 
red). At large radii, the diffusion coefficients begin to converge 
toward the LM curve.  
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Rotational Diffusion 
After having analyzed the translational diffusion of the worm-like fractals, it seemed natural to 
measure their rotational diffusion in order to see if the mismatch between the theoretical prediction and the 
experimental results that was seen in the translational diffusion carried over to the rotational case. The 
worm-like fractals were tracked the same way as for the translational case, but the orientation angles about 
the center of mass of the object were also recorded along with the positions. The rotational diffusion 
coefficients were calculated similarly to the translational case and the rotational drift was extracted in the 
same way. Theoretical predictions were made for each object using the Levine-Mackintosh (LM) method15. 
The boundary of each object was segmented into a number of subsections (Levineslets) and the flow-field 
was calculated around the discretized object. The flow-field was then used to predict the mobility of each 
 
Figure 21. Worm-like clusters diffusing in an 8CB film. During the transitional stages of aggregation, 
many worm-like fractals diffuse both translationally and rotationally in the film. Objects with a clearly 
defined orientation are then tracked and their rotational diffusion coefficients are determined. The film 
is 6 layers (19 nm). Scale bar is 50 microns. 
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cluster. The length of each object was measured by hand using ImageJ60. The resulting data and theoretical 
predictions depicted in Figure 19 show that the rotational diffusion of the worm-like clusters is also greater 
than the model predicts. It makes sense that the source of the increased rotational mobility should be the 
same as for the translational case if any of the explanations proposed for the translational case are correct. 
In the case of coupling, the two are interconnected, so if one is increased the other is as well. For localized 
thermal heating, both the rotational and translational diffusion are proportional to temperature, so increasing 
the temperature would increase both mobilities. If interactions are the cause, then it is less clear, but it seems 
most plausible that the effect of another interacting object should have an equal effect on the translational 
and rotational mobilities. If any of these are the source or if another similar mechanism is driving the faster 
 
Figure 22. Rotational diffusion of worm-like buckyball clusters as a function of cluster length. The 
diffusion coefficients of worm-like clusters in the transition stage are compared to theoretical 
predictions found using the Levine-MacKintosh approach. The worm-like clusters are seen to have 
larger diffusion coefficients than the model predicts. 
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diffusion, understanding the translational case will likely lead to an explanation for the rotational case as 
well. 
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5. Observations of Cage Molecule Nanoclusters using Low-light Fluorescence Microscopy 
Fluorescence microscopy is often used to visualize micron-scale biological systems such as cells, 
but in the past few years, the development of EMCCD cameras capable of single-photon detection has led 
to significant advances in nano-scale fluorescence microscopy. We looked to use this methodology to 
visualize fluorescent cage molecules (Cage Molecule -19, Zhang Group, University of Colorado) on the 
nano-scale. To do this successfully, we needed to have a strong light source with a narrow wavelength 
range, a good filter set matching the excitation and emission wavelengths of the cage molecules, and a high-
sensitivity camera capable of imaging single photons at a reasonable frame rate. With this set of equipment, 
we hoped to image single molecules or at the very least, smaller nano-clusters than we could see in 
 
Figure 23. Images verifying the ability of the setup to visualize fluorescence. (a) Cage 
molecule crystals on a glass slide are easily seen using the fluorescence system. (b) 
Images of oPDI (another fluorescent material) on a glass slide. (c) Cage molecules 
clumped on the edge of the film. (d) Large cage molecule clusters can be easily seen in 
a thick film. The scale bars for (a-c) are 500 microns. The scale bar for (d) is 50 
microns. 
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reflection. We ran a series of tests with borrowed components to get an idea of the imaging requirements 
needed for the system. The results are shown in Figures 23. The clarity and brightness of the smaller objects 
in the images are indicators of how successful the setup is at visualizing fluorescence. After the 
experimental system was optimized by improving the optical components and light source, the hunt for 
cage molecules began in earnest. 
 
 
 
Figure 24. Cage molecule clusters in an 8CB film. A pair of cage molecules can be 
seen in the film (left and top). Compared to films drawn with buckyball mixtures, 
the cage molecules tend to be very isolated as the image would suggest. Scale bar 
is 50 microns. 
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Translational Diffusion 
 Isolated cage molecule clusters were observed to aggregate in films even without the evaporative 
dispersion used in the buckyball experiments. These poorly-dispersed films produced some small 
aggregates after a day or two, but never reached the concentrations seen with the buckyball films. It is likely 
that the cage molecules are not as sticky as the buckyballs which keeps them from forming large clumps in 
the bulk sample. The diffusion of the cage molecule clusters was measured using fluorescence microscopy 
in extreme low-light conditions. The Brownian motion was analyzed in the same way as the buckyball 
clusters and the results show diffusion that agrees well with the SD-model predictions in contrast to the 
buckyball measurements performed previously. An explanation for this is that the low density of clusters 
in the film means that this is a completely isolated case, whereas the buckyball clusters have a higher density 
and may not be isolated.  
 
Figure 25. Translational mobilities of cage molecules in 8CB films. The 
translational mobilities of the cage molecules match well with the SD-HPW-PS 
model predictions in contrast to experiments performed with the buckyballs. 
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Aggregation at Layer Boundaries 
 An interesting phenomenon that was discovered during these experiments was that many of the 
aggregates cluster along the meniscus or along the layer steps rather than diffusing freely in the film. These 
clusters do seem to diffuse along the boundaries, however, and it may be possible to measure the 1-D 
diffusion of such clusters. This type of controlled aggregation could lead to the ability to form circular 
chains of molecules by transferring the film onto a substrate52. 
 
  
 
Figure 26. Meniscus of a thick film visualized by fluorescence 
microscopy. The meniscus is clearly visible in this image because 
many cage molecule clusters have aggregated along the layer step. 
The aggregation process took about a week to complete and in this 
time, the meniscus was reduced to a single layer step. Scale bar is 
20 microns. 
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6. The Diffusion of Interacting Islands 
Island/Nano-Cluster Interactions 
One explanation of the results of the translational diffusion measurements that show faster than 
expected diffusivities is that somehow the interactions between nano-clusters that are close together is 
resulting in faster diffusion. We know that for the nano-cluster case, many sub-resolution nanoparticles are 
likely diffusing near the visible clusters, which could give rise to the faster diffusion. To test this hypothesis, 
an 8CB film was drawn where the concentration of buckyballs in the film was high enough to nucleate 
 
Figure 27. Islands and buckyball clusters in an 8CB film. The presence of many small clusters near 
the islands causes the islands to remain stable rather than shrink as is normal in smectic A films. 
Additionally, the interaction between the islands and the clusters may contribute to the enhanced 
mobility of the islands that is observed.  
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islands that did not shrink over time. Several of these islands were tracked (reference appendix) during the 
early stage of buckyball aggregation. The measured diffusion coefficients show that the mobilities of the 
islands are larger than the SD model predictions. This is exactly the same behavior that was seen in the 
nano-cluster case and it leads credence to the theory that a higher density of inclusions in the background 
film leads to an increase in the diffusivity of the islands. 
 
 
 
 
 
 
Figure 28. Plot of the reduced mobility vs. reduced radius of islands in an 8CB 
film with numerous interacting buckyball clusters. The measured mobilities of the 
islands are seen to deviate significantly from the HPW predictions probably 
because of the interactions between the islands and the surrounding buckyball 
clusters. This leads to a larger mobility than predicted for isolated islands. 
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Island/Island Interactions 
 Experiments were also performed using ash particles deposited on the top of the film in order to 
study the interactions between large inclusions. The ash particles were generated by burning incense near 
the film, capturing the resulting smoke, and allowing the smoke to escape near the surface of the film, 
depositing many particles of various sizes on the top of the film. These particles nucleate larger dislocations, 
leading to the formation of islands. For this experiment, the ash particles were deposited in high enough 
densities so that each measured particle was within a Saffman length of at least one other particle. 
Measurements of the diffusion of these inclusions indicate that the islands have higher diffusion coefficients 
than the SD-model predicts, but not as high as those seen in the buckyball experiments. One possible 
explanation for this is that the ash particles are not as close to each other as the buckyball clusters if the 
high density is indeed the cause of the increased mobilities. If localized thermal effects are causing the 
 
Figure 29. Ash particles in an 8CB film. The ash particles deposited on the film nucleate islands that 
diffuse close to each other. The high density of islands in the film leads to a large number of 
interactions between inclusions whose diffusive behavior is studied. 
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higher mobilities, the explanation may be the difference in absorbance of the particles. Buckyballs may 
absorb more light than the ash, leading to more localized heating in buckyball systems than in the ash 
particle system.  
 
  
 
Figure 30. Plot of the reduced mobility vs. reduced radius of numerous interacting 
islands in an 8CB film. The measured mobilities of the islands are much larger than the 
HPW predictions likely because of the interactions between the islands. 
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7. Discussion of Diffusion Results 
 The varying results from all of the translational experiments will be discussed in more detail here. 
The rotational mobilities and translational mobilities seem to be enhanced similarly, and so it does not seem 
worth analyzing them separately, as all of the possible explanations given here would also explain the 
enhanced rotational mobility that has been observed. The three explanations described here, inclusion 
interactions, localized heating, and diffusion coupling, are likely not the only explanations to describe what 
is occurring in this system, but these are the most reasonable theories that have been proposed so far. In the 
future, the acquisition of more data and the development of new theoretical models will help to determine 
which of these explanations are correct. 
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Inclusion Interactions 
Combining all of the results that have been obtained, it can be seen that in cases (buckyball clusters, 
worms, islands with clusters, and high density islands) with the highest number of interacting inclusions, 
the inclusions show higher translational mobilities than the theoretical model. In contrast, the one relatively 
isolated case, the cage molecule clusters, gives results that are close to the theoretical predictions. The one 
possible exception is the buckyball fractals, since it is unclear whether they are truly isolated or not. 
However, the fractal clusters seem to converge toward the SD-HPW and LM predictions at larger sizes, but 
 
Figure 31. Plot of the reduced mobility vs. reduced radius of various different 
interacting inclusions in an 8CB film. The measured mobilities of the inclusions are 
almost all significantly larger than the SD-HPW-PS predictions. The deviations 
from the model are likely caused by interactions between the inclusions, which 
could explain why the cage molecule and island-island cases are closest to the SD-
HPW-PS model, since these are the most isolated objects. It is also possible that 
the absorption of light by the particles causes the increased mobilities, which 
would mean that the difference in absorbance of the different materials is the cause 
of the deviations. 
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it is hard to draw any conclusions from the limited data at large size. Additionally, it can be seen that the 
case of buckyball worm-like aggregates is very similar to that for islands with nearby interacting buckyball 
clusters. At a fundamental level, these two experiments are very similar in that there are large, diffusing 
objects surrounded by many small, diffusing objects. However, the results of the experiments are very 
different with the islands with clusters having significantly higher mobilities than the worm-like aggregates. 
In addition, the case of island-island interactions leads to a much smaller increase in the diffusion 
coefficient, possibly because most of the interacting objects are similarly sized, but there is no strong 
reasoning to support why this should be so. It is unclear what conclusion to draw from the data regarding 
the effect of density on inclusion mobilities. 
Localized Heating 
Another viable explanation for the enhanced mobility is that somehow a localized temperature 
increase is responsible. The SD-HPW model suggests that the diffusivity of an object is proportional to its 
temperature, and in addition, the viscosity of a 
fluid material such as 8CB is also dependent on 
temperature. In this way, local heating could cause 
there to be both a lower viscosity and a higher 
temperature, leading to increased mobility. The 
major problem with this explanation is 
determining a source of localized heating. The two 
most likely sources would be the incoming light 
from the microscope and the aggregation process itself. If the absorption of the buckyballs is high enough 
(Figure 32) in the UV/Vis region, then it is possible that the buckyballs are absorbing more energy than the 
8CB is, causing a local temperature increase. The alternative theory stems from the nature of the aggregation 
process itself, in which buckyballs collide and stick to each other, possibly releasing heat when they do so. 
This could also cause localized heating. Both of these cases would suggest that the islands should behave 
 
Figure 32. Absorption spectrum of solid C6061. 
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differently that the buckyballs, since islands do not aggregate and have similar absorption to the film itself. 
The data indicates that the islands have similar behavior to the buckyballs, so for either of these explanations 
to hold, the islands must have an enhanced mobility from another, and as of now, unknown, source. Further 
research will be focused on understanding whether either of these theories are actually responsible for the 
enhanced mobilities. 
Translational and Rotational Coupling 
 A third explanation would be that we have failed to account for the coupling between the 
translational and rotational mobilities. This is likely not the problem, because once again the small 
buckyball clusters, cage molecule clusters, and islands have rotational symmetry and so their diffusion 
would not be affected by an issue with the coupling. It could be true for the fractal objects and the worm-
like clusters, but given the explanations proposed here, this theory is weaker because only two of the data 
sets would be affected, even though all of them are showing similar behavior. 
Conclusion 
 Freely-suspended smectic films afford a unique opportunity to study hydrodynamics in a nearly 
two-dimensional system, which is important in understanding many biological systems. The only similar 
system, the lipid membrane, does not have a constant thickness as smectic films do, which means that 
freely-suspended smectic films are the only ideal system in which to probe 2-D hydrodynamics. The SD-
HPW model has been used successfully to describe the diffusion of both single inclusions and pairs of 
identical inclusions in membranes, but in our experiments we find mobilities that deviate significantly from 
the predictions.  Although we have not been able to determine the exact source of the enhanced mobility, 
we have made important progress in understanding the hydrodynamics of nanoparticles and their aggregates 
by characterizing the mobilities of many different types of inclusions. In the process of understanding the 
hydrodynamics of this system, we have discovered several new, interesting features of nanoparticles and 
films, including the aggregation of nanoparticles along layer steps, one-dimensional diffusion, and unique 
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gold nanoparticle fractals. Smectic membranes are a complex system with many new interesting properties 
that are yet to be discovered, and these experiments have only scratched the surface of the possibilities that 
this dynamic system has to offer.  
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8. Gold Nanoparticle Diffusion and Aggregation 
 Gold nanoparticles are commonly used in pharmaceuticals as well as biological systems because 
of their unique optical properties that allow them to be easily visualized using techniques such as Raman 
spectroscopy. The ability of gold nanoparticles to be easily modified by other compounds allows them to 
act as a carriers for drugs and other compounds and the ability of chemists to easily synthesize gold 
nanoparticles of different size makes them ideal for many applications. To see if we could utilize the 
functionality of gold nanoparticle in liquid crystal systems, we mixed 8CB liquid crystal with gold 
nanoparticles (3.4 nanometer diameter) and spread films in order to observe their diffusion and aggregation. 
Similar to C60 Fullerene, gold nanoparticles tend to be fairly sticky and this allows them to aggregate well 
in the liquid crystal films. The diffusion of the gold nanoparticles was measured and found to be similar to 
that of the buckyballs, but the aggregation was more interesting. Buckyball aggregates and fractals normally 
have uniform brightness across the entirety of the aggregate, but gold nanoparticle aggregates were 
observed having more than one level of brightness. This indicates that the gold fractals may be formed from 
aggregates of different thickness so that some portions of the fractal are embedded more in the film than 
others. In addition, several of the observations included islands that were embedded in the fractals. This 
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was never observed with the buckyball aggregates. This suggests that gold nanoparticles are unique in some 
way and that there is still more to be learned about their aggregation and possibly their diffusion as well. 
 
  
 
Figure 33. Fractal clusters of gold nanoparticles in an 8CB film. The fractals 
formed from the gold nanoparticle have similar fractal dimensions to those 
formed from buckyballs, but the gold nanoparticle fractals show intensity 
variations that are not seen with the buckyball fractals. It may be that the 
nature of the gold nanoparticles allows for easier visualization of the depth of 
the fractals. 
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9. Future Directions 
Controlled Aggregation through Applied Fields 
 The experiments described here have focused on uncontrolled aggregation, but in some situations 
it may be possible to control the aggregation through the use of applied fields. It may be possible that 
nanoparticles that respond to external electric or magnetic fields could be used to produce controlled 
aggregation. For example, the aggregation could be accelerated by the application of an in-plane electric 
 
Figure 34. Buckyball fractal clusters in an 8CB film. These fractal patterns 
remained in this final stage of aggregation without colliding for several days 
due to hydrodynamic repulsion. In previous experiments, the final stage occurs 
when all of the buckyball clusters have formed one large fractal in the film. 
The scale bar is 50 microns. 
51 
 
field that could force particles to one side of the film then the other in succession, causing them to collide 
more often. Some basic experiments have been performed with magnetic particles, but the particles have 
so far been unresponsive to applied fields. By charging the particles, it might be possible to use electrostatic 
repulsion to slow aggregation at a particular stage in the aggregation process.   
Aggregation of Cage Molecules in Smectic C Films 
 Up to this point, our group has not performed experiments with particles mixed into smectic C 
films. This would be an interesting system, because circular films require a defect to exist in the film in 
order to satisfy the circular boundary conditions and these defects may be a focal point for particle 
aggregation. Previously, this has been difficult to visualize because the particles may well be 
indistinguishable from the defect itself, but the fluorescence setup would allow for visualization of the 
aggregation at the defect. This type of focused aggregation could lead to the ability to seed fractal growth 
in films. Additionally, smectic C films are expected to have complex diffusion behavior due to the tilt of 
the layers, so even simple particle diffusion may yield additional, interesting results in the context of a new 
material. 
One-Dimensional Diffusion of Cage Molecules along Layer Boundaries 
 During our hunt for fluorescent particles, we discovered an interesting phenomenon. The diffusion 
of cage molecules along layer boundaries. Since particles tend to migrate to layer steps as was mentioned 
earlier, it is possible that cage molecules follow one-dimensional diffusion behavior along the edge of the 
layer step. This could be an interesting phenomenon to try to understand and could lead to some interesting 
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theoretical work as well, since this could be a pseudo 1D system if the diffusion perpendicular to the step 
is negligible. 
  
Single Molecule Diffusion and Aggregation 
 The hunt continues for visualizing the diffusion of single molecules in films. Single molecule 
visualization is a recent innovation and fluid systems are receiving a lot of attention now that super-
resolution techniques allow for faster imaging speeds at nanoscale resolution. The ability to image single 
molecules and to track them in fluids has led to significant advances in our understanding of fluid dynamics. 
Combining this with a pseudo 2D fluid may mean that we can visualize diffusion and aggregation at the 
nanoscale and begin to fully understand the way that particles behave in films. It may be impossible to 
achieve this lofty goal, though, even with the major advancements in imaging technology that have recently 
occurred, simply because of the inherent complexities of an LC system. But even the process of expanding 
our imaging capabilities toward the single-molecule limit may yield new and surprising results.  
 
Figure 35. A cage molecule cluster in a thick 
8CB film. A fluorescent cage molecule cluster 
in a thick film is diffusing along a layer step. 
The position of the layer step is shown in red. 
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Diffusion and Aggregation of Nanoparticles in Low Pressure 
 Several recent experiments in our group have focused on the behavior of oil droplets in low 
pressure. Reducing the air pressure lets the LC film system act more and more like a true 2D fluid. A 
theoretical model has already been developed to describe such a 2D fluid and was verified by experiment. 
Since the nature of particles in films is seemingly more complex than that of isolated droplets, it may be 
that introducing particles into a low pressure environment may lead to new insights about particle behavior. 
Of special interest is how the formation of fractal patterns could be influenced by the altered dynamics. 
This experiment could lead to many new and interesting discoveries related to particle diffusion and 
aggregation. 
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Appendix A: The Topography of Buckyball Clusters 
 
 
Figure A1. AFM image of buckyball clusters from a transferred film. This AFM image shows a wide 
view of buckyball clusters at the early stage of aggregation. The clusters here look like clumps, but the 
formation of some irregularly shaped objects can be seen. 
 
Figure A2. AFM image of buckyball clusters from a transferred film. This AFM image shows a micron 
scale image of a single buckyball cluster at the early stage of aggregation. The cluster looks like it is 
formed of a bunch of rod-like objects that seem more like clumps than fractals. 
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 The topology of buckyball clusters at early times is an interesting topic. According to existing 
knowledge, two general shapes are possible for aggregates at this scale: fractals and clumps. Fractal 
 
Figure A3. AFM image of buckyball clusters from a transferred film. This AFM image shows a 
nanoscale view of a portion of a buckyball cluster at the early stage of aggregation. The segments here 
look like rod-like clumps, but because of the evaporation, it is hard to know what the original form was. 
 
Figure A4. AFM image of buckyball clusters from a transferred film. This AFM image shows a second 
wide view of buckyball clusters at the early stage of aggregation. The clusters here look like they are 
clumped up from the evaporation as much as from the aggregation itself, simply because of the large 
concentration of clusters in a single spot. 
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clusters would form if the behavior of buckyballs on the nanoscale remained similar to that observed at 
the micron scale, which would imply that the laws of hydrodynamics still apply to nanoscale objects such 
that diffusion is still the driving force behind the aggregation. The alternative, clumps, suggests that 
attractive intermolecular interactions are driving the aggregation and that the macroscale hydrodynamic 
models are inadequate to describe behavior at smaller scales. In the limit of molecular size scales, we 
expect that clumping should occur, since the process will be entirely molecular at that point. Figures A1-
A4 show AFM images of buckyball aggregates formed by hydrodynamic aggregation. The sample was 
created by suctioning a freely-suspended film onto a substrate, then evaporating the 8CB (the evaporation 
was not performed for the samples in the main body of the thesis). Looking at these images, it seems that 
clumping is dominating at the small scale, but it is hard to know because of the remnant of 8CB that is 
presumably still stuck to the surface of the clusters. However, comparison with the images taken without 
the evaporation (Figure 13) also suggest that clumping does occur at the nanoscale and that it is only at 
the macroscale that true aggregation occurs.  
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Appendix B: Notes for Future Researchers 
Drawing Films 
 Drawing thin films is more of an art than a science, especially with the instabilities caused by the 
presence of many particles in the film and the added difficulty of trying to tell the difference between 
contaminated samples and high concentration ones. I am listing a couple of comments here for posterity. 
First, drawing thick films with lots of material is a good way to tell if the sample has been contaminated. 
With contaminated samples, swirls will often appear in the film that do not look normal. If one cannot 
obtain any films, thick or thin, the sample is probably contaminated. Second, if the films are only ever thick 
and never thin, then there are a couple different things that could be happening. Improper spreading 
technique (spreader not angled enough or too much material) can cause there to be consistently thick films. 
If this is not the issue, then two alternatives remain. Either the sample is contaminated or the dispersion 
technique has resulted in a very high density sample. The only sure way to tell the difference is to wait two 
days and try again with the same sample. If the sample now draws thin films, the latter was the issue. If no 
thin films can be drawn, the sample is contaminated. The bulk sample will aggregate over time and this 
lowers the density of “free” nanoparticles that can be drawn into the film, which increases its stability. The 
downside to the sample aggregation is that over time (each day after the sonication/evaporation is 
performed), the film aggregation process will become slower and slower as the density decreases. 
Sample Preparation 
There are two different ways in which nanoscale objects can be dispersed in films. The dispersion 
is the troublesome portion. The first approach is to simply (or not so simply) sonicate the sample for two 
weeks or until the sample is well dispersed. The trouble with this approach is that sonicators do not normally 
run for this long, so a pressure system has to be set up so that the water level in the sonicator stays constant. 
If the water level changes, water will splash onto the sample (even with Parafilm covering it), and it can be 
easily contaminated. Another problem is that running the sonicator for this long, especially if the water 
level is set incorrectly or is inconsistent, causes heating and can cause the sample to change phase, which 
causes the buckyballs to quickly reaggregate and the effects of the previous sonication are lost. An 
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alternative approach to sonication is to dissolve both the 8CB and C60 in Toluene or another organic 
solvent, evaporate the sample quickly using a rotary evaporator, and let the sample finish drying overnight. 
This approach has had some unknown issue that cause the sample to become contaminated. The source of 
the contamination is not known at this time but has been extremely persistent. Of the two, the latter has 
tended to be a significantly better approach. 
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Appendix C: Tracking Examples 
TrackIslands 
 TrackIslands is an IDL program written by Joe Maclennan that locates and tracks islands using user 
input to find the initial islands and looking for islands near these points in subsequent tracks. This program 
was used to track all of the islands in the experiments described above. The program itself is explained 
elsewhere, but I have shown an example of the tracking below. 
 
 
Figure C1. Images of tracked islands. The plus signs in the image represent the tracking centers of the 
objects. The images is also filled with small particles that are not tracked. These objects were tracked 
using TrackIslands, which allows for individual islands to be selected and tracked which makes it easy 
to avoid tracking the smaller objects. 
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Figure C2. Tracks of the islands measured in the ‘islands with clusters’ data set. These islands 
maintain a constant drift that is overlayed with the diffusion, which is in agreement with what we 
would expect for islands in a film that is not completely level. These tracks seem reasonable, so it 
would suggest that the tracking procedure is doing a good job at finding a consistent center of 
mass. 
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Figure C3. Tracked islands in a high density film. The red circles and plus signs indicate the locations 
of the islands that were tracked. Once again, the ability to select islands individually allows us to pick 
only the islands that we want to analyze and ignore the rest. 
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TrackParticles 
The TrackParticles program is an IDL program written by Joe Maclennan that calls a particle 
tracking procedure developed by Weeks and Grier54. Since the buckyball clusters are difficult to track due 
to common issues such as non-uniform lighting, poor film leveling, dirty optics, and noise, it is often 
necessary to perform some image processing before attempting to track particles. To accurately track 
particles, we implemented background subtraction so that an image representing the background film with 
no particles is subtracted from the image that we want to track. This flattens and cleans up the images, 
allowing us to track very dim particles with 8-bit intensities only a few intensity values higher than the film, 
which makes them indistinguishable from the film in the original image. Several images shown below 
 
Figure C4. Island Tracks using TrackIslands. The tracks used in the ‘island interactions’ data set are 
seen here to have a constant drift overlaid with their diffusion. The motion of the islands seems to match 
well with expectations. 
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clearly demonstrate the effectiveness of the subtraction process in helping the software to identify dim 
particles. 
 
  
 
Figure C5. Tracked buckyball clusters in a film. The TrackParticle software determines the peak 
intensity for each object and tracks that over the length of the sequence. The software seems to track 
the objects very reliably over long times. 
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TrackPatterns 
The TrackPatterns program written by Joe Maclennan analyzes the translational and rotational diffusion of 
objects that are irregularly shaped. For this project, we analyzed worm-like clusters of buckyballs. A cross-
correlation technique was used to determine the location and orientation of the object at each time step. The 
program first creates a template from user input. The user defines a starting location and a search box. The 
program then finds the object within that box and creates an initial template. Additional templates are 
created for different orientations by rotating the original template. The program then matches the template 
to the image at each timestep by varying the location and orientation until it obtains a maximum correlation. 
This peak corresponds to the new location and orientation of the object. The process is repeated for the 
entire image sequence. Careful observation of the tracking and the consistency of the results indicates that 
this approach works well for worm-like clusters.  
 
Figure C6. Tracks of buckyball clusters. The numerous buckyball trajectories are 
plotted in differing colors. Some of the multicolored track clusters are caused by 
the program ‘losing’ the objects for a large enough number of frames that the 
software can’t determine what object the track belongs to. This does not change 
the diffusion coefficient, but will cause there to be more particle tracks than there 
should be.  
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Figure C7. Pattern Correlation Approach. (a) Relative sizes of the template box and the search box 
used in the tracking software. The program searches for the template within the template box, then 
expands the search region to the larger box. (b) Plot of the correlation vs. template orientation. Where 
the peak corresponding to the largest correlation value is found, the correct orientation has been found. 
The location of the object is found in a similar way. 
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Figure C8. Creation of a template for the TrackPatterns software. The program finds the template 
within the template box that is given by the user. Then, it creates a duplicate copy and finds all of the 
different rotational and translational forms of the original using extrapolation. This allows the 
program to use cross-correlation to find the location and orientation. 
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Figure C9. Tracking of worm-like buckyball clusters. The TrackPatterns program shows the green 
boxes and triangle which correspond to the original location of the object. The red box and plus 
correspond to where the object is in the current frame. 
 
Figure C10. Plot of orientation vs. time for one of the worm-
like buckyball clusters. The plot shows the object orientation 
as it changes over time. The lack of discontinuities in the data 
suggests that the algorithm is performing as expected. This 
data is used to directly calculate the rotational diffusion 
coefficient. 
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Appendix C: Other Software 
OpticalDetection 
This Matlab program reads in a sequence of images and runs optical detection to find the sizes of the 
objects in each image. The white pixels are initially found using basic thresholding and then the objects 
are determined by looking for neighboring white pixels and “growing” the object. Issues can occur with 
the recursion if the objects are too large or the settings are incorrect. In this case, Matlab will reach its 
recursion limit and kill the program. 
  
Requires the following subroutines: Scan, GrowParticle, CentorofMass, FilePathCreator, Average, 
NoiseCount, CheckNoise, EllipseFit, CreateEllipse, Min, Crop, NZLength 
 
DiffusionAnalyzer 
This program analyzes the translational diffusion of a single object or multiple objects to determine their 
diffusion coefficient. The analysis method, developed for our group by Zoom Nguyen, subtracts any net 
drift of the object from its trajectories.  
  
This Matlab program is meant to act as an alternative to the PairInteraction Python program developed by 
Zoom Nguyen. I have tested the program extensively against PairInteraction and found the results to be 
consistent to within the computational error. Additionally, the fitting approach taken in this software often 
gives better results in cases where the variance is not perfectly linear with time. 
 
RotationalDiffusionAnalyzer 
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This Matlab program analyzes the rotational diffusion of a single object or multiple objects to determine 
their diffusion coefficients. It is similar to DiffusionAnalyzer, but accounts for the branch cut 
discontinuity that exists when the angle goes from -π to π. 
 
  
